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1

STRUCTURE OF TRENCH
METAL-OXIDE-SEMICONDUCTOR
FIELD-EFFECT TRANSISTOR

BACKGROUND OF THE INVENTION

This application claims priority of No. 106113870 filed in
Tatwan R.O.C. on Apr. 26, 2017 under 35 USC 119, the

entire content of which 1s hereby incorporated by reference.

Field of the Invention

The invention relates to a trench metal-oxide-semicon-
ductor field-eflect transistor (UMOSFET).

Description of the Related Art

Silicon carbide (S1C) consists of crystals of alternating
planar hexagonal lattices of silicon and carbon atoms, and
has a wider band than silicon and a much higher critical (or

breakdown) electric field. So, the breakdown voltage of the
S1C element 1s better than that of the silicon element. In
addition, the typical SiC concurrently has the lower hole
concentration and the shorter minority carrier lifetimes, and
the shorter minority carrier lifetimes allow the bipolar
devices 1n the Si1C to switch more rapidly than the silicon.
However, the on-resistance of S1C bipolar transistor cannot
be eflectively improved. Meanwhile, 1ts drawback 1s the

requirement of the drive current. In contrast, the S1C metal-
oxide-semiconductor field-effect transistor (MOSFET) has

the advantages of voltage-driving and high-frequency opera-
tion.

FIG. 1 1s a schematic view showing a UMOSFET struc-
ture 100 of a first prior art. Referring to FIG. 1, the structure
100 includes metal layers 101S and 101D, an N-type semi-
conductor substrate 102, an N-drift region 103, a P-well 105,
an N-type semiconductor layer 106, a P-type semiconductor
layer 107, a trench T, an nsulating layer I and a gate 109.
Because the structure 100 of the first prior art has design
defects, the critical electric field 1s generated at a corner B
of the structure 100, the msulating layer I at the corner B
(depicted by the circular dashed line) 1s easily damaged by
the critical electric field in the off-state. In addition, the
gate-drain capacitor Cgd of the structure 100 of FIG. 1 1s as
shown by the bold dashed line range.

FIG. 2 1s a schematic view showing a UMOSFET struc-
ture 200 of a second prior art. Referring to FIG. 2, the
structure 200 includes metal layers 201S and 201D, an
N-type semiconductor substrate 202, an N-drift region 203,
an N-current spread layer (N-CSL) 204, a P-well 203, an

N-type semiconductor layer 206, a P-type semiconductor
layer 207, a trench T, an insulating layer I, a gate 209 and a
semiconductor protection layer 210. Although the structure
200 adopts the semiconductor protection layer 210 to
improve the drawback that the corner B of FIG. 1 1s easily
damaged by the critical electric field when the bias 1s turned
ofl. However, the because the structure 200 has the higher
capacitance between the gate terminal and the drain termi-
nal, the longer time 1s required to charge/discharge when the
clement 1s switched between the forward conducting and
blocking states. Furthermore, the gate-drain capacitor Cgd
thereol 1s shown by the bold dashed line range, and the range
thereot 1s 1n the portion of the gate 209 going deeply into the

N-CSL 204.

BRIEF SUMMARY OF THE INVENTION

One of the objectives of the mvention 1s to provide a
UMOSFET structure having a semiconductor protection
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2

layer, which 1s used to protect the UMOSFET structure from
being damaged by the critical electric field.

One of the objectives of the invention 1s to provide a
UMOSFET structure having a current spread layer, which
can reduce the resistance value of the UMOSFET structure.

One of the objectives of the invention 1s to provide a
UMOSFET structure having a gate and a split gate to reduce
the capacitance of the UMOSFET structure, so that the
clement between blocking and forward conducting states
can be switched rapidly.

The mvention provides a structure of a UMOSFET, and
the structure includes: a metal layer disposed on a top
surface and a bottom surface of the structure to form a
source and a drain, respectively, to function as electrodes of
the structure connected to an external device; an N-type
semiconductor substrate disposed on the drain; an N-drift
region disposed on the N-type semiconductor substrate; an
N-current spread layer (N-CSL) disposed on the N-driit
region; a P-well disposed on the N-CSL; an N-type semi-
conductor layer disposed on the P-well; a first P-type
semiconductor layer adjacent to the N-type semiconductor
layer and disposed on the P-well; a trench extending through
the N-type semiconductor layer, the P-well and the N-CSL,
wherein a bottom of the trench terminates at the N-drift
region; an insulating layer disposed 1n the trench; a split gate
disposed 1n the mnsulating layer of the trench and covered by
the mnsulating layer; a gate disposed 1n the insulating layer of
the trench and above the split gate; and a semiconductor
protection layer disposed below the bottom of the trench and
adjacent to the N-drift region, and the insulating layer is
disposed above the semiconductor protection layer to protect
the msulating layer from being broken through by an electric
field when the structure turns off a bias; wherein the gate 1s
separated from the split gate by the insulating layer to form
a predetermined gap; and a depth position of a bottom of the

gate 1s deeper than an interface between the P-well and the
N-CSL.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 1s a schematic view showing a UMOSFET struc-
ture 100 of a first prior art.

FIG. 2 1s a schematic view showing a UMOSFET struc-
ture 200 of a second prior art.

FIG. 3A 1s a schematically cross-sectional side view
showing a UMOSFET structure according to an embodi-
ment of the mvention.

FIG. 3B 1s a schematically cross-sectional side view
showing the UMOSFET structure according to an embodi-
ment of the mvention.

FIG. 3C 1s an on-switching characteristic chart showing
the structure according to an embodiment of the invention.

FIG. 3D 1s an off-switching characteristic chart showing,
the structure according to an embodiment of the invention.

FIG. 4 1s a voltage-current comparison chart showing the
first prior art of FIG. 1, the second prior art of FIG. 2, and
the structure of the invention at the forward conducting bias.

FIG. 5 15 a voltage-current comparison chart showing the
first prior art of FIG. 1, the second prior art of FIG. 2, and
the structure of the invention when the bias 1s turned ofl.

FIG. 6 1s a comparison chart showing the capacitances
between the gates and the drains 1n the first prior art of FIG.
1, the second prior art of FIG. 2, and the structure of the
invention.
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FIG. 7 1s a comparison chart showing insulating-layer
clectric fields 1n the first prior art of FI1G. 1, the second prior
art of FIG. 2, and the structure of the invention.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

FIG. 3A 1s a schematically cross-sectional side view
showing a UMOSFET structure according to an embodi-
ment of the invention. As shown in FIG. 3A, a structure
300A 1s a structure of a UMOSFET used 1n S1C 1n an
embodiment.

The structure 300A includes: metal layers 301S and
301D, an N-type semiconductor substrate 302, an N-driit
region 303, an N-current spread layer (N-CSL) 304, a P-well
305, an N-type semiconductor layer 306, a P-type semicon-
ductor layer 307, a trench T, an msulating layer I, a split gate
308, a gate 309 and a semiconductor protection layer 310.

The metal layers 301S and 301D are respectively dis-
posed on a top surface and a bottom surface of the structure
300A to form a source and a drain, respectively, to function
as electrodes of the structure 300A connected to an external
device. The N-type semiconductor substrate 302 1s disposed
on the drain D. The N-drift region 303 1s disposed on the
N-type semiconductor substrate 302. The N-current spread
layer 304 1s disposed on the N-driit region 303. The P-well
305 1s disposed on the current spread layer 304. The N-type
semiconductor layer 306 1s disposed on the P-well 305. The
P-type semiconductor layer 307 1s adjacent to the N-type
semiconductor layer 306 and disposed on the P-well 305.
The trench T extends downwards through the N-type semi-
conductor layer 306, the P-well 305 and the N-current
spread layer 304, and finally a bottom of the trench T
terminates at the N-drift region 303.

It 1s to be noted that, in this embodiment, the semicon-
ductor protection layer 310 below the bottom of the trench
T 1s formed by way of 1on implantation, and the semicon-
ductor protection layer 310 1s adjacent to the N-drift region
303. In thus embodiment, the bottom surface of the split gate
308 contacts an upper edge of the semiconductor protection
layer 310, the semiconductor protection layer 310 1s used to
protect the insulating layer I from being destroyed by the

breakdown electric field when the structure 300A turns off

the bias. In addition, the semiconductor protection layer 310
and the split gate 308 are grounded to prevent a leakage
current from being generated between the semiconductor
protection layer 310 and the split gate 308.

Note that the semiconductor protection layer 310 1s a
P-type semiconductor layer in an embodiment, and the
semiconductor protection layer 310 and the split gate 308
are grounded. Because the semiconductor protection layer
310 and the split gate 308 have the equal potential, it 1s
possible to prevent the leakage current from being generated
between the semiconductor protection layer 310 and the split
gate 308.

The semiconductor protection layer 310 1s used to protect
the 1nsulating layer I from being destroyed by the break-
down electric field when the structure 300A turns off the
bias. The 1nsulating layer I 1s disposed 1n the trench T, and
1s adjacent to the N-type semiconductor layer 306, the
P-well 305, the N-current spread layer 304, the N-dnit
region 303 and the semiconductor protection layer 310,
respectively. The split gate 308 1s disposed 1n the mnsulating,
layer I of the trench, and the gate 309 1s disposed in the
insulating layer of the trench T and above the split gate 308.
The gate 309 and the split gate 308 are separated from each
other by the insulating layer I to form a predetermined gap
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d. A depth position of a bottom of the gate 309 1s deeper than
an 1nterface between the P-well 305 and the N-current
spread layer 304. In an embodiment, the gate 309 and the
split gate 308 may be considered as being covered by the
insulating layer 1. The msulating layer I 1s implemented by
semiconductor oxide or semiconductor nitride, and the split
gate 308 and the gate 309 are implemented by polysilicon
(poly-Si1).

FIG. 3B 1s a schematically cross-sectional side view
showing the UMOSFET structure according to an embodi-
ment of the invention. As shown in FIG. 3B, a structure
300B 1s a structure of a UMOSFET used in S1C 1n an
embodiment.

As previously mentioned, the difference between the
structures 300B and 300A 1s that the insulating layer I 1s
disposed on the semiconductor protection layer 310, the
isulating layer I 1s disposed between the bottom surface of
the split gate 308 and the semiconductor protection layer
310. That 1s, the bottom surface of the split gate 308 does not
contact the upper edge of the semiconductor protection layer
310.

In this embodiment, the N-type semiconductor substrate
302, the N-driit region 303, the N-current spread layer 304
and the N-type semiconductor layer 306 are doped with an
N-type semiconductor with the concentrations satistying:
the N-drift region 303<the N-current spread layer 304.
Because a depletion region 1s generated 1n the N-driit region
303 and the N-current spread layer 304 when the structure
300B turns off a bias, and the N-drnit region 303 1s a
high-voltage withstanding component, the N-drift region
303 has the lowest N-type semiconductor concentration.

When the structure 300B 1s at the forward conducting
bias, the source S 1s grounded, the drain D 1s connected to
a positive voltage, and the gate 309 is also connected to a
positive voltage. The electrons flow from the N-type semi-
conductor layer 306 to the drain D, and the current is
uniformly spread through the N-current spread layer 304. In
other words, the N-current spread layer 304 increases the
current flow and decreases the resistance value of the
structure 300B.

FIG. 3C 1s an on-switching characteristic chart showing
the structure according to an embodiment of the invention.
FIG. 3D 1s an off-switching characteristic chart showing the
structure according to an embodiment of the invention.
Please note and also refer to FIGS. 3C and 3D, 1t 1s
understood that the capacitance between the gate 309 and
the split gate 308 1s smaller than the capacitance between the
gate 309 and the N-current spread layer 304. When the
capacitance of the structure 300B 1s compared with those of
the prior arts, the capacitance thereof only corresponds to the
gate 309 exceeding the portions of the P-well 305 and the
N-current spread layer 304. So, the structure 300B uses the
insulating layer I to separate the gate 309 from the split gate
308 to make the capacitance used in the structure 300B be
much smaller than those of the prior arts. Consequently,
when the structure 300B i1s switched between the forward
conducting and blocking states, the capacﬂor charging or
discharging 1s faster than those of the prior arts. Regarding
this portion, FIGS. 3C and 3D can prove that the charge/
discharge speed of the structure of the invention 1s higher
than those of the prior arts.

Furthermore, because the split gate 308 1s a metal layer,
which 1s grounded to prevent the gate-drain capacitor Cgd
between the gate 309 and the split gate 308 from being
generated. So, the gate-drain capacitor Cgd of the mnvention
1s much smaller than that of the prior art at only the virtual
frame portion. Furthermore, the gate 209 of the structure 200
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of the second prior art going deeply into the N-current
spread layer 204 by the depth greater than the structure
300B, so the gate-drain capacitor Cgd of the structure 200 1s
much larger than that of the structure 300B.

A distance (such as the virtual frame) between the gate
309 and the P-well 305 1s smaller than a predetermined gap
d, and the predetermined gap d i1s two to ten times of the
distance between the gate 309 and the P-well 305.

In the ofl-state (blocking state), the source S 1s grounded,
the drain D 1s connected to the positive voltage. At this time,
however, the voltage value of the drain D 1s much higher
than the voltage value of the draimn D at the forward con-
ducting bias; the voltage of the gate 309 1s lowered from the
positive voltage to the ground; and the surface of the P-well
305 and the N-current spread layer 304, and the junction of
the semiconductor protection layer 310, the N-drift region
303 and the N-current spread layer 304 quickly form a
depletion region, and the critical electric field 1s not formed
on the surface of the insulating layer I. In other words,
compared with the prior art, the critical electric field 1s
moved downward to the interface between the semiconduc-
tor protection layer 310 and the N-drnit region 303. Com-
pared with the 1mnsulating layer I, because the semiconductor
protection layer 310 1s made of a high-voltage withstanding,
material, the semiconductor protection layer 310 1s not
damaged by the critical electric field to achieve the effect of
protecting the insulating layer 1.

FI1G. 4 1s a voltage-current chart showing the first prior art
of FIG. 1, the second prior art of FIG. 2 and the structure of
the mvention at the forward conducting bias. Referring to
the voltage-current chart of FIG. 4, it 1s understood that the
forward conducting bias of the invention ranges between the
first and second prior arts.

FI1G. 5 1s a voltage-current chart showing the first prior art
of FIG. 1, the second prior art of FIG. 2, and the structure
of the mnvention when the bias i1s turned off. Referring next
to FIG. 5, as stated before, the breakdown voltage value of
the structure of the invention 1s higher than those of the first
and second prior arts. That 1s, the structure of the invention
can withstand higher voltages than the prior art when the
bias 1s turned ofl.

FIG. 6 shows the capacitances between the gates and the
drains 1n the first prior art of FIG. 1, the second prior art of
FIG. 2 and the structure of the invention. As can be under-
stood from FIG. 6, the capacitance between the gate and the
drain in the structure of the invention 1s much smaller than
those of the first and second prior arts.

FIG. 7 shows insulating-layer electric fields in the first
prior art of FIG. 1, the second prior art of FIG. 2 and the
structure of the invention, wherein the abscissa denotes the
distance extending from the original, which 1s the interface
between the insulating layer and the N-drift region, to the x
axis 1n each structure diagram. As previously mentioned, the
insulating-layer electric fields of the second prior art and the
invention are close to zero, and the msulating-layer electric
field of the first prior art 1s much stronger than that of the
invention, so the msulating layer of the first prior art will be
damaged by the critical electric field.

Note that the structure of the mnvention 1s applicable to the
material of at least one of silicon carbide (S1C), gallium
nitride (GaN) and silicon 1n an embodiment.

In summary, the invention provides a structure of a trench
metal-oxide-semiconductor field-efiect transistor, which can
withstand the higher voltage than the prior art at the turn-ofl
bias, and has the capacitance smaller than that of the prior
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art, so that the switching between the forward conducting
bias and the turn-ofl bias becomes faster. Finally, 1t 1s
possible to effectively protect the insulation layer from being
damaged by the critical electric field. Therefore, the inven-
tion can eliminate the drawbacks of the prior art.

What 1s claimed 1s:

1. A structure of a trench metal-oxide-semiconductor
ficld-eflect transistor (UMOSFET), the structure compris-
ng:

a metal layer disposed on a top surface and a bottom
surface of the structure to form a source and a drain,
respectively, to function as electrodes of the structure
connected to an external device:

an N-type semiconductor substrate disposed on the drain;

an N-drift region disposed on the N-type semiconductor
substrate;

an N-current spread layer (N-CSL) disposed on the
N-drift region;

a P-well disposed on the N-CSL;

an N-type semiconductor layer disposed on the P-well;

a first P-type semiconductor layer adjacent to the N-type
semiconductor layer and disposed on the P-well;

a trench extending through the N-type semiconductor
layer, the P-well and the N-CSL, wherein a bottom of
the trench terminates at the N-driit region;

an insulating layer disposed 1n the trench;

a split gate disposed 1n the msulating layer of the trench
and covered by the insulating layer;

a gate disposed 1n the insulating layer of the trench and
above the split gate; and

a semiconductor protection layer disposed below the
bottom of the trench and adjacent to the N-drift region,
wherein the isulating layer 1s disposed above the
semiconductor protection layer to protect the isulating
layer from being broken through by an electric field
when the structure turns off a bias;

wherein the gate and the split gate are separated from each
other by the mnsulating layer to form a predetermined
gap; and a depth position of a bottom of the gate is
deeper than an interface between the P-well and the
N-CSL; a bottom surface of the split gate contacts an
upper edge of the semiconductor protection layer.

2. The structure of the UMOSFET according to claim 1,
wherein the semiconductor protection layer and the split
gate are grounded to prevent a leakage current from being
generated between the semiconductor protection layer and
the split gate.

3. The structure of the UMOSFET according to claim 2,
wherein the N-type semiconductor substrate, the N-CSL, the
N-drift region and the N-type semiconductor layer are doped
with an N-type semiconductor with concentrations satisiy-
ng:

the N-dnit region<the N-CSL.

4. The structure of the UMOSFET according to claim 3,
wherein a capacitance between the gate and the split gate 1s
smaller than a capacitance between the gate and the N-CSL;
and a distance between the gate and the P-well 1s smaller
than the predetermined gap.

5. The structure of the UMOSFET according to claim 4,
wherein the semiconductor protection layer 1s a second
P-type semiconductor layer; the structure 1s applicable to at
least one of silicon carbide (S1C), gallium nitride (GalN) and
silicon.
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